A regenerable screen-printed DNA biosensor based on acrylic microsphere–gold nanoparticle composite for genetically modified soybean determination  by Ulianas, Alizar et al.
A
m
s
A
T
a
M
b
S
c
a
A
R
R
A
A
K
F
G
C
M
1
t
h
o
f
T
f
o
0
hSensors and Actuators B 190 (2014) 694– 701
Contents lists available at ScienceDirect
Sensors  and  Actuators  B:  Chemical
journa l h om epage: www.elsev ier .com/ locate /snb
 regenerable  screen-printed  DNA  biosensor  based  on  acrylic
icrosphere–gold  nanoparticle  composite  for  genetically  modiﬁed
oybean  determination
lizar  Ulianasa, Lee  Yook  Henga,∗,  Musa  Ahmadb, Han-Yih  Lauc, Zamri  Ishakc,
an  Ling  Linga
Faculty of Science & Technology/South-East Asia Disaster Prevention Research Centre, Lestari, Universiti Kebangsaan Malaysia, 43600 Bangi, Selangor,
alaysia
Industrial Chemical Technology Programme, Faculty of Science and Technology, Universiti Sains Islam Malaysia, Bandar Baru Nilai, 71800 Nilai, Negeri
embilan D.K., Malaysia
Malaysian Agriculture Research Institute (MARDI), Serdang, Selangor, Malaysia
 r  t  i  c  l e  i  n  f  o
rticle history:
eceived 30 April 2013
eceived in revised form 21 July 2013
ccepted 9 September 2013
vailable online 18 September 2013
eywords:
ood GM DNA
M DNA biosensor
aMV 35S promoter
a  b  s  t  r  a  c  t
A  regenerable  electrochemical  DNA biosensor  based  on  a  new  type  of acrylic  microspheres  and  gold
nanoparticles  (AuNPs)  composite  coated  onto  a screen  printed  electrode  (SPE)  has  been  successfully
developed  for  speciﬁc  determination  of  the  35 S promoter  from  cauliﬂower  mosaic  virus  (CaMV  35S)  gene
in soybean.  DNA  probe  was  immobilised  onto  acrylic  microspheres  via  covalent  bonding.  The  presence
of  modiﬁed  gene  in soybean  can  be detected  via  hybridisation  of CaMV  35S  gene-modiﬁed  DNA  with
immobilised  DNA  probe,  which  was  monitored  by  differential  pulse  voltammetry  of anthraquinone-2-
sulfonic  acid  monohydrate  sodium  salt  (AQMS)  as  redox  indicator  during  hybridisation  event.  The  peak
current  signal  of  AQMS  was  linearly  related  to the target  CaMV  35S gene  concentration  over the range
of  2  × 10−15 to 2 ×  10−9 M (R2 = 0.982)  with  a very  low  concentration  detect  limit  (7.79  ×  10−16 M). Theicrospheres recovery  test  showed  satisfactory  results  of 94.6  ±  5.1–105.4  ± 4.9%  (n = 5)  when  the  biosensor  was used
for  the determination  of genetically  modiﬁed  (GM)  DNA  sequences  extracted  from  GM soybean  samples.
The  DNA  biosensor  showed  good  reproducibility  (relative  standard  deviation  (RSD)  below  5.0%,  n = 5)
and  regenerability  (RSD  below  5.0%, n =  7).  The biosensor  response  was  stable  up to 45  days  of  storage
period  at  4 ◦C.  The  main  advantages  of this  biosensor  design  are  very  low  detection  limit  and  capability
of  reusing  the biosensor  for at least  seven  times  after  regeneration  with  mild  sodium  hydroxide.
© 201. Introduction
The production of genetically modiﬁed (GM) food that is resis-
ant to insects and viruses has alarmed the public on the potential
ealth risks with resultant DNA recombinant technology [1]. One
f the advantages of this high and new technology is that, the GM
ood can be produced in large quantities in short production time.
here are a number of plant spesies selected as source of food
or GM food process such as soybeans, corn, potatoes and some
ther crops. However, the security of GM food consumption and
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its impact towards environment and health is still not known until
the present time [2,3]. In some countries, GM food is required to be
analysed before being marketed and sold to consumers, and the law
pertaining to this has been put into effect to ensure strict adherence
to the labelling regulation [4,5]. In connection with this, detec-
tion and identiﬁcation of GM food become important to address
biosafety concerns.
The standard method commonly used for GM DNA detection
is based on polymerase chain reaction (PCR) method combined
with gel electrophoresis [6,7]. However, its major drawbacks are
laborious, time-consuming and toxic [8]. The need for simplicity
and fast assay of GM DNA has triggered the development of DNA
biosensors for GM DNA screening. DNA biosensor based on elec-
trochemical design entailed integration of DNA  probe with the
Open access under CC BY-NC-ND license.electrode [2,3]. DNA probes immobilised on the electrodes detect
the complementary DNA (cDNA) in GM food via DNA hybridisa-
tion reaction. The current difference generated before and after
the DNA hybridisation reaction is the basis of gauging biosensor
license.
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Table 1
Sequences of oligonucleotides related to 35S promoter from cauliﬂower mosaic
virus (CaMV 35S) used in the present research.
GM DNA Base sequences
DNA probe 5′ TATCCGGAAACCTCCTCGGA (AmC7)
Complementary DNA 5′TCCGAGGAGGTTTCCGGATA
Non-complementary DNA 5′GTAGCATGAACTGTCATCGA
2-Base mismatched DNA 5′GTCGAGGAGGTTTCCGGATA
3-Base mismatched DNA 5′GTAGAGGAGGTTTCCGGATA
7-Base mismatched DNA 5′GTAGCATGGGTTTCCGGATAA. Ulianas et al. / Sensors and
esponse. Guanine base in DNA produces low electrical current;
ence DNA hybridisation reaction usually required the addition of
 redox active material to amplify the current signal [9–11].
It is imperative to select the right immobilisation method and
uitable matrix type for DNA probe immobilisation to produce a
igh performance GM DNA biosensor. This is because the method
nd immobilisation matrix used may  affect the nature of the
mmobilised DNA probes. An effective DNA probe immobilisa-
ion and a compatible matrix with DNA probe would render an
mproved performance of the biosensor. On the other hand, the
se of larger surface area materials allows more DNA probes to be
mmobilised on the matrix to promote better sensitivity of biosen-
ors. Nanomaterials such as nanoparticles and microspheres with
hree-dimensional structure have a wider surface area as the immo-
ilisation site of DNA probe [12,13] than one-dimensional structure
embrane.
In this study, the SPE modiﬁed with AuNPs and polyacrylic
icrospheres modiﬁed N-acryloxysuccinimide was used for a
egenerable electrochemical GM DNA biosensor design with
bsorption method. The function of the AuNPs was  as an elec-
ron transfer material, while the acrylic microspheres were
sed as a site material of DNA probe immobilisation for cova-
ent bonding. The detected electrochemical GM DNA biosensor
esponse used cyclic and differential pulse voltammetry with
nthraquninone-2-sulfonic acid sodium salt monohydrate (AQMS)
s DNA hybridisation label. The regeneration characteristics of the
NA biosensor for analysis of DNA were also examined.
. Experiments
.1. Apparatus and electrodes
Cyclic voltammetry (CV) and differential pulse voltammetry
DPV) experiments were performed with potentiostat Autolab
GSTAT 12 (Autolab, Metrohm). The parameters used for CV were
.007 V for step potential and 0.05 V/s scan rate from −1.25 to
.75 V. For DPV, the parameters used were 0.02 V step potential
n the scan range of −1.0 to −0.1 V. SPE (Scrint Technology (M)
dn. Bhd.) modiﬁed with acrylic microspheres and gold nanopar-
icles (AuNPs) was used as working electrode. A rod-shaped glassy
arbon electrode and Ag/AgCl electrode were used as auxiliary and
eference electrodes, respectively, and the KCl solution of 3.0 M was
sed as the internal solution of the Ag/AgCl electrode. All poten-
ials measured in this study were referred to Ag/AgCl electrode and
omogeneous mixture of material solutions were prepared using
onicator bath Elma S30H.
.2. Chemicals
N-butyl acrylate (n-BA), 2-2-dimethoxy-2-phenylacetophenone
DMPP), 1,6-hexanediol diacrylate (HDDA), and gold nanoparti-
les (AuNPs) were supplied by Aldrich. Sodium dodecyl sulfate
SDS) and NaCl were supplied by Systerm. N-acryloxysuccinimide
NAS) and anthraquinone-2-sulfonic acid monohydrate sodium
alt (AQMS) were supplied by Across. All aqueous solutions
ere prepared using deionised water. Roundup Ready GM-
oybean (Monsanto, USA) with 0%, 0.1%, 0.5%, 1.0%, 2.0%, and 5.0%
20 g/mL) genetically modiﬁed organism (GMO) contents was
btained from Fluka Chemical Co. (Switzerland). Table 1 shows
he 20-base synthetic oligonucleotides supplied by Sigma Aldrich.
ll oligonucleotides stock solutions (100 M)  were diluted with
E buffer solution (10 mM Tris–HCl, 1.0 mM EDTA, pH 7.8) and
ept frozen when not in use. Stock solutions of DNA probe were
iluted with 0.05 M K-phosphate buffer pH 7.0, while comple-
entary DNA solutions were diluted with 0.05 M Na-phosphate12-Base mismatched DNA 5′GTAGCATGAACTGTCAGATA
16-Base mismatched DNA 5′GTAGCATGAACTGTCATCGA
buffer 0.05 M pH 6.0 containing 1.0 mM AQMS. The former K-
phosphate buffer ensures maximum DNA  probe immobilisation
on the succinimide-functionalised acrylic material. The later Na-
phosphate buffer promotes optimum DNA hybridisation condition.
2.3. Synthesis of acrylic microsphere
Acrylic microspheres were synthesised as reported [14]. Brieﬂy
a mixture of 7 mL  nBA monomer, 0.01 g SDS, 450 L HDDA, 0.1 g
DMPP, 6 mg  NAS and 15 mL H2O was  sonicated for 10 min. The
resulting emulsion solution was  then photocured for 600 s with UV
light under continuous nitrogen gas ﬂow. Poly(nBA-NAS) micro-
spheres were then collected by centrifugation at 4000 rpm for
30 min  and washed three times in K-phosphate buffer followed by
air drying at room temperature. The size of acrylic microspheres
was determined using scanning electron microscope (SEM) (LEO
1450VP).
2.4. GM DNA biosensor design
Powder of AuNPs (<100 nm particle size) was purchased
commercially. The modiﬁed SPE (AuNPs/SPE) was prepared by
depositing AuNPs suspended in ethanol onto SPE and air dried
at room temperature. Then, acrylic microspheres suspended in
ethanol were deposited onto the AuNPs/SPE. The electrody-
namic characteristics of acrylic microspheres-modiﬁed AuNPs/SPE
(microspheres/AuNPs/SPE) namely the potential difference for oxi-
dation and reduction of AQMS (Ep), electron transfer rate constant
(k), and electrical current ﬂow (ip) were characterised by means
of cyclic voltametric method in Na-phosphate buffer containing
AQMS. The k values was determined with Nicholson equation
[15], while DO and DR in Nicholson equation were calculated with
Randles–Sevcik equation [16,17] as shown below.
Ep = Eo −
(
RT
3nF
)
ln
[
4.783DO
2DR
]
−
[
RT
3nF
]
ln
(
a
kCO
∗
)
(Nicholson equation) (1)
ip = (2.69 × 105)n3/2ACD1/2 v1/2 (Randles–Sevcik equation) (2)
DNA probes were immobilised by soaking of micro-
spheres/AuNPs/SPE into 5.0 M DNA probe solution in 0.05 M
K-Phosphate buffer pH 7.0 and stored at 4 ◦C overnight. Subse-
quently, hybridisation of cDNA was  performed by soaking the
DNA probe-immobilised microspheres/AuNPs/SPE (DNA probe-
microspheres/AuNPs/SPE) into 5.0 M cDNA solution in 0.25 M
Na-phosphate buffer pH 7.5 containing Na+ ion and 1.0 mM
AQMS and again stored at 4 ◦C overnight. The response of GM
DNA biosensor was later examined with CV and DPV  in 0.05 M
K-phosphate buffer pH 7.0. The SPE construction and design
mechanism of electrochemical GM DNA biosensor are shown in
Fig. 1. The dynamic range and limit detection of GM DNA biosensor
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ter compared to bare SPE and microspheres/AuNPs/SPE electrodesig. 1. The SPE construction (1) and design mechanism of electrochemical GM DNA
iosensor based on acrylic microspheres-modiﬁed AuNPs/SPE (2).
ere investigated in 2.0 × 10−16 to 2.0 × 10−6 M cDNA solution
ith 30 min  DNA hybridisation at 25 ◦C.
Furthermore, the GM DNA biosensor at optimum condition was
sed to determine the concentration of DNA extracts of trans-
enic soybean for recovery study. Roundup Ready GM-soybean
Monsanto, USA) with 0%, 0.1%, 0.5%, 1.0%, 2.0%, and 5.0% (w/w)
20 g/mL) of GM contents was used. These samples were diluted
ith 0.05 M Na-phosphate buffer pH 6.0 to prepare GM DNA
oncentrations from 2.0 × 10−14 to 1.0 × 10−10 M. Additionally,
ffects of acrylic microspheres loading, AuNPs loading, DNA probe
oncentration, pH, buffer capacity, ionic strength, DNA probe
mmobilisation time, DNA hybridisation time, reproducibility, and
helf life of GM DNA biosensor were also examined. The selectivity
f GM DNA biosensor towards hybridisation of cDNA was carried
ut with different number of mismatched bases in DNAs and cal-
ulated based on percentage of DPV peak current (% ipncDNA) by the
quation as follows:
ipncDNA =
(
ipncDNA
ipcDNA
)
× 100% (3)
he ipncDNA and ipcDNA are peak currents after hybridisation of
mmobilised DNA probe with mismatched DNA base and cDNA,
espectively.
.5. Regeneration of GM DNA biosensor
Regeneration of GM DNA biosensor is the ability of the DNA
ybridisation reaction to re-occur between cDNA and immobilised
NA probe after the hydrogen bonds between bases of double-
tranded DNA (dsDNA) are broken up to form single-stranded DNA
ssDNA). The regeneration of DNA hybridisation was conducted
ased on previous methods reported in other studies [8,18] with
odiﬁcations. In this study, 0.1 M NaOH was used as regenerationolution to break the hydrogen bonds between base pairs of dsDNA.
he hybridisation of DNA probe was performed with 2.0 × 10−11 M
DNA for 30 min  at 25 ◦C. The percentage of DNA biosensor responseFig. 2. SEM image of acrylic microspheres.
before (ia) and after (ib) being soaked into 0.1 M NaOH was  calcu-
lated following the equation below:
%GM DNA biosensor response =
(
ib
ia
)
× 100% (4)
3. Result and discussion
3.1. Acrylic microspheres and electrochemical characteristic of
modiﬁed SPE
A typical scanning electron micrograph image of acrylic micro-
spheres (Fig. 2) and measurements from SEM images demonstrated
that the size distributions of the microsphere diameter were
approximately from 0.50 to 1.75 m with 1.20 m as the domi-
nant diameter size. In view of the homogenous size distribution
of acrylic microspheres, they were further used for subsequent
development of GM DNA biosensor. The electrodynamic results
of modiﬁed SPE are summarised in Table 2. The electron transfer
rate constant (k) of the redox system was  the smallest with micro-
spheres/AuNPs/SPE working electrode, while the Ep value was
the largest. The small k indicated a slow electron transfer rate that
has effected on wider CV and an increase in Ep [19]. The SPE mod-
iﬁed with acrylic microspheres and AuNPs had given some impacts
on electron transfer rate, of which the electron transfer rate using
AuNPs/SPE electrode was  found faster than the bare SPE electrode.
However, the electron transfer rate of microspheres/AuNPs/SPE
electrode was  slower than both AuNPs/SPE and bare SPE electrodes.
This indicated that the presence of AuNPs on the SPE had increased
the electron transfer rate but the electron transfer rate declined
when acrylic microspheres were deposited onto the AuNPs/SPE
electrode.
Similar observations have been reported previously [17,19],
with electrode made from metallic materials, e.g. gold, platinum,
silver, and mercury, which had accelerated electron transfer prop-
erties. The Ep values of all types of electrode used were far above
0.059 V. The anodic and cathodic peak currents ratios (ipa/ipc) for
all electrodes were also not close to 1.0 and this was  in relation
to the oxidation (DO) and reduction (DR) diffusion coefﬁcients.
According to the reversible system, the ipa/ipc value obtained for
AuNPs/SPE electrode was  0.80, indicating that it performed bet-with ipa/ipc values of 0.43 and 0.42, respectively. AuNPs deposited
on the SPE increased the electron transfer rate, suggesting that
AuNP was an effective electron transfer material. On the other hand,
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Table 2
The potential difference for oxidation and reduction of AQMS (Ep), electron transfer constant rate (k), anodic and cathodic peak currents’ ratio (ipa/ipc) and diffusion
coefﬁcient of oxidation (DO) and reduction (DR) reactions with different types of working electrodes.
Electrode Ep (V) k (cm/s) (ipa/ipc) DO (×10−6) (cm2/s) DR (×10−6) (cm2/s)
Bare SPE 0.56 9.84 × 10−8 0.43 1.07 5.84
AuNPs/SPE 0.39 7.19 × 10−3 0.80 6.03 9.32
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KMicrospheres/AuNPs/SPE 0.60 8.92 × 10−9
, calculated with equation 1; DO and DR calculate with Eq. (2).
he slow electron transfer rate of microspheres/AuNPs/SPE elec-
rode indicated that acrylic microsphere was not a good electron
ransfer material. As acrylic microspheres were not electroconduc-
ive, hence depositing the acrylic microspheres on the AuNPs/SPE
lectrode had covered the electrode surface and blocked the elec-
ron transfer at electrode-solution interface and thus affected the
low electron transfer rate.
.2. DNA hybridisation response
Fig. 3 shows the cyclic voltammograms and differential pulse
oltammograms of AQMS intercalation upon DNA hybridisation
ith immobilised DNA probe on the microspheres/AuNPs/SPE
lectrode. The signiﬁcant current differences observed of the DPV
eak from experiments (a) and (b) implied that the DNA probes
ere successfully immobilised onto the acrylic microspheres via
ovalent bonds between succinimide group of acrylic microsphere
nd amine group of the DNA probe. This type of covalent bonding
as anticipated [20,21]. The mechanism of signal generation upon
ybridisation and the roles of AuNPs the hybridisation process
n the microspheres/AuNPs/SPE electrode can be explained in
erms of the AQMS intercalation into immobilised dsDNA after.
ig. 3. Cyclic voltammograms (A) and differential pulse voltammograms
B)  of DNA probe/AuNPs/SPE elecrtode upon hybridisation with cDNA (a),
NA probe/microspheres/AuNPs/SPE electrode upon hybridisation with cDNA
b) and non-complementary DNA (c), AuNPs/SPE electrode (d) and micro-
pheres/AuNPs/SPE electrode (e). The experiment was conducted in 0.05 M
-phosphate buffer pH 7.0 with a scan rate of 0.5 V/s versus Ag/AgCl electrode.0.42 0.14 0.83
Intercalation of AQMS into dsDNA had also been reported pre-
viously [11]. This is conﬁrmed by the large current difference
observed in the DPV between experiment (b) and (c). Thus the
hybridisation was  selective to cDNA. There were low DPV peak
currents in experiment (d) and (e) as no hybridisation occurred,
indicating very little speciﬁc adsorptions of AQMS onto micro-
spheres/AuNPs/SPE electrode. The gold nanoparticles played a role
to assist the electron conductivity from the intercalated AQMS to
the electrode surface. Without the inclusion of gold nanoparticles
in the composite, only very little current response was  observed.
3.3. The optimisation of GM DNA biosensor response
All parameters for GM DNA biosensor optimum condition are
shown in Table 3. As the acrylic microspheres were not electrocon-
ductive, no electrons can be transferred via this insulate polymer
from the DNA redox labels to the electrode. Hence, it was  impera-
tive to optimise the amount of acrylic microspheres and AuNPs i.e.,
the best electron transfer material to produce the best DNA biosen-
sor performance. From the experiment, the biosensor response
increased with increasing AuNPs loading from 0.020 to 0.033 mg.
An increase in AuNPs loading generated more conduction path-
ways for more electrons transferred via AuNPs, and thus increased
the peak current produced as reported previously [22,23].
Acrylic microspheres loading effect, on the other hand,
increased the DNA biosensor response when the amount of self-
plasticised microspheres increased from 0.025 to 0.100 mg  and the
response declined thereafter. The increase in peak current due to
AQMS intercalation from DNA hybridisation reaction indicated that
higher amount of DNA probes was immobilised onto the micro-
spheres/AuNPs/SPE electrode with increasing amount of acrylic
microspheres. However, the AQMS peak current declined when the
acrylic microspheres used exceeded 0.1 mg.  This was  because the
substantial amount of non-conductive acrylic microspheres had
covered the surfaces of AuNPs and hindered the electron trans-
ferred to the electrode, and thus reduced the number of electron
transfer.
The effect of DNA probe concentration on the DNA biosensor
response has been reported previously [24,25] i.e., increasing the
concentration of immobilised DNA probe would certainly increase
the response of DNA biosensor. In this study, the DNA biosensor
response increased when the DNA probe concentration increased
from 0.1 to 2.0 M and there was  no signiﬁcant change of the
response until 0.5 M DNA probe concentration. The increase of
Table 3
The parameter of GM DNA Biosensor.
Parameter GM DNA biosensor
Amount of AuNPs 0.033 mg
Amount of acrylic microsphere 0.1 mg
DNA probe concentration 2.0 M
DNA probe immobilisation time 5 h
DNA hybridisation time 2 h
pH 6.0
Buffer Na-phosphate buffer
Buffer capacity (Na-phosphate buffer) 0.050 M
Ionic strength (Na+ ion) 1.5 M
6  Actuators B 190 (2014) 694– 701
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Fig. 4. Differential pulse voltammograms (A) obtained using various cDNA concen-
regeneration solution. In general, the biosensor responses for seven
consecutive regenerations from 5–30 s exposure to NaOH were
with RSD values from 3.5% to 4.9%. When the biosensor was  soaked
longer in 0.1 M NaOH, not only hydrogen bonds between bases of
Table 4
Percentage AQMS DPV peak current of DNA hybridisation with different number of
mismatched bases in DNAs as compared with the complementary DNA.
DNA Peak current (A) Peak current of DNAa (%)
2.0 M 20.0 M
Complementary DNA 4.75 100.0 100.0
2-Base mismatched DNA 2.29 43.9 48.3
3-Base mismatched DNA 0.73 17.0 15.398 A. Ulianas et al. / Sensors and
NA biosensor response corresponded to the capacity of DNA
robe immobilised on the microspheres/AuNPs/SPE electrode. At
ptimum DNA probe concentrations of 2.0 M,  the available suc-
inimide groups of acrylic microspheres had been fully covalently
ound with DNA probe. The immobilisation and hybridisation
ime for this condition were 5 h and 2 h, respectively. Increase of
NA probe concentration to 5.0 M did not give any increasing
esponse to the biosensor. Therefore, 2.0 M DNA probe was used
s optimum concentration for immobilisation of DNA probe on the
icrospheres/AuNPs/SPE electrode.
Furthermore, the response of DNA biosensor increased from
H 5.0 to pH 6.0 and declined thereafter until pH 8.5. Increased
esponse of DNA biosensor with this increasing pH medium indi-
ated that more DNA probes were getting hybridised with cDNA.
s reported in previous studies [26], the rate of DNA hybridisa-
ion reaction can be inﬂuenced by the pH of the solution. In acidic
edium, protonation of phosphodiester chain reduced the solu-
ility of DNA molecule and thus decreased the DNA hybridisation
eaction [27]. Highly acidic or basic surrounding would damage
he electrode and this especially happened in alkaline condition
28,29]. The possible explanation would be the fact that the formed
sDNA denatured in acidic or alkaline medium due to the damaged
sDNA layer [30].
The DNA biosensor responses were better in Na-phosphate
uffer compared to in K-phosphate and Tris–HCl buffer. Further-
ore, the DNA biosensor responses increased in Na-phosphate
uffer and Na+ ion solutions in the concentration ranges from 0.002
o 0.050 M and 0.05 to 1.50 M,  respectively. This implied that the
ate of DNA hybridisation reaction increased with the increase of
uffer capacity and ionic strength of the solution. As reported in
revious studies, an increase in DNA hybridisation reaction rate
s in connection with increasing salt concentrations as high salt
oncentrations can stabilise the conﬁguration of dsDNA [31]. In
ddition, the positively charged ions can react electrostatically with
he negatively charged DNA phosphodiester chain as the pres-
nce of positively charged ions will neutralise the DNA molecule
nd thereby decreases the electrostatic repulsion between DNA
olecules. A decrease in electrostatic repulsion will increase the
NA hybridisation reaction rate [27,32,33]. At low electrostatic
epulsion condition, DNA molecules are easily attracted to each
ther and thus ease the DNA hybridisation reaction. In a nutshell,
NA hybridisation reaction is favourable in solution containing
igh cation concentration. In the present study, it was  found that
he optimum ionic strength for DNA hybridisation was 1.5 M Na+
ons in 0.05 M Na-phosphate buffer pH 6.0.
.4. Performances of DNA biosensor
The biosensor response increased proportionally with increas-
ng cDNA concentrations from 2.0 × 10−15 to 2.0 × 10−9 M,  thus
ndicating the increasing DNA hybridisation reaction (Fig. 4). This
ange cDNA concentration was found as linear DNA response
R2 = 0.982) with a limit of detection of 7.79 × 10−16 M.  The detec-
ion limit was calculated based on three times the standard
eviation of the biosensor response at the response curve approxi-
ating the limit of detection divided by the linear calibration slope
34].
In addition, the GM DNA biosensor gave satisfactory recoveries
etween 94.7 ± 4.9% and 105.38 ± 4.88% (n = 5), thus indicated that
he GM DNA biosensor developed in this research was an effective
ool for measurement of soybean GM DNA extract concentration.
he AQMS DPV peak current signal for hybridisation of cDNA was
iscovered to be higher than the mismatched DNA base as GM
NA biosensor selectivity (Table 4.). The peak current percentages
f DNA hybridisation with two and three-base mismatched DNAs
ere 15.3–48.3%, whilst DNA hybridisation with the seven, twelve,trations of 2.0 × 10−15 (a), 2.0 × 10−14 (b), 2.0 × 10−13 (c), 2.0 × 10−12 (d), 2.0 × 10−11
(e), 2.0 × 10−10 (f) and 2.0 × 10−9 M (g) with 30 min DNA hybridisation at 25 ◦C and
GM  DNA biosensor linear response range (B).
and sixteen-base mismatched DNAs showed insigniﬁcant response
towards biosensor with peak current percentages between 3.2%
and 6.8% relative to cDNA. Even though the mismatched DNA bases
gave responses to the DNA biosensor, the responses were gener-
ally non-complementary. Thus, the immobilised DNA probe was
selective solely towards cDNA hybridisation with maximum com-
plementary response.
Fig. 5 displays the DNA biosensor responses with different
biosensor regeneration time. It was noticed that the biosensor
response declined after soaking with 0.1 M NaOH. The percent-
ages of biosensor responses after immersion in 0.1 M NaOH solution
from 5 to 180 s of dipping time were 34.5%, 30.3%, 22.4%, 4.7%, and
4.6% relative to initial biosensor responses. The biosensor response
dropped with increasing dipping time, thus indicated that the
hydrogen bonds between bases of dsDNA were broken up by NaOH7-Base mismatched DNA 0.29 6.8 6.1
12-Base mismatched DNA 0.20 3.9 4.3
16-Base mismatched DNA 0.19 3.2 4.2
a mismatched DNA base.
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Fig. 5. DNA biosensor responses before (A0) and after (A1) soaking in the 0.1 M NaOH with different dipping time and regeneration of biosensor (A2) with 30 min  DNA
hybridisation at 25 ◦C.
Table 5
Comparison of microspheres-based electrochemical DNA biosensor with other previous reported electrochemical DNA biosensors for GM determination.
Refs. Material and electrode design Linearity range (M) Limit of detection (M) Reproducibility (RSD) Hybridisation
time (min)
This work Acrylic microsphere and gold
nanoparticle modiﬁed carbon screen
printed electrode (SPE)
2.0 × 10−15 to 2.0 × 10−9 7.79 × 10−16 2.7–4.65% (n = 5) 30
[2] 1-Ethyl-3-(3-dimethyl-aminopropyl)
carbodiimide hydrochloride and
N-hydroxysuccinimide modiﬁed glassy
carbon electrode
5.0 × 10−9 to 1.2 × 10−7 5.0 × 10−9 – 90
[3] Platinum nanoparticles modiﬁed
glassy carbon electrode
2.1 × 10−9 to 2.1 × 10−7 1.0 × 10−9 5.89% (n = 5) 60
[35] Mercaptoacetic acid,
N-(3-dimethylamino
propyl)-N′-ethylcarbodiimide
hydrochloride and
N-hydroxysuccinimide modiﬁed gold
electrode
1.2 × 10−11 to 4.8 × 10−8 4.38 × 10−12 – –
−12
 × 10−7 −13
d
a
m
s
a
r
t
b
R
b
e
s
F
w[36] Single-walled carbon nanotubes and
poly-l-lysine modiﬁed carbon paste
electrode
1.0 × 10 to 1.0
sDNA were broken up, but the covalent bonds formed between
mine groups of DNA probes and succinimide groups of acrylic
icrospheres were also broken up by the alkaline regeneration
olution and thus reduced the DNA probe binding capacity on the
crylic microspheres, and eventually reduced the DNA biosensor
esponse.
The reproducibility of DNA biosensor was performed with
wo cDNA concentrations i.e., 2.0 × 10−4 and 2.0 × 10−2M.  DNA
iosensor gave satisfactory reproducibility results with 2.7–4.7%
SD (n = 5). The shelf life of DNA biosensor is shown in Fig. 6. The
iosensor was stored in 0.05 M K-phosphate buffer at 4 ◦C after
very measurement was taken. The biosensor response was found
table up to 45 days of storage period with biosensor responses
ig. 6. Effect of storage time towards DNA biosensor response. The DNA biosensor
as  stored in 0.05 M K-phosphate buffer pH 7.0 at 4 ◦C when not in use.3.1 × 10 3.16% (n = 7) 10
retained between 94.0% and 103.0% compared to its response on the
ﬁrst day. After 45 days of storage, the biosensor response decreased
to 58.1–22.5% between 60 and 120 days of storage period. Other
studies show that the DNA biosensor based on electrodeposition
method for DNA probe immobilisation onto Fe2O3 microspheres
was only stable for 24 days [33]. Improvement on the long-term
stability of the developed DNA biosensor based on acrylic micro-
spheres was  most probably attributable to the robust covalent
immobilisation DNA probe on the microsphere surface.
The DNA biosensor using acrylic microspheres as the immo-
bilisation matrix developed in this work appeared to improve
biosensor linear response range when compared to other types of
electrochemical DNA biosensors for GM DNA analysis using various
DNA probe immobilisation matrices. The acrylic microspheres-
based DNA biosensor based on electrochemical transduction also
compared favourably with other reported DNA biosensors for GM
DNA in terms of wider dynamic linear response range and lower
detection limit and long-term stability. A detailed comparison of
electrochemical GM DNA biosensor reported in the literature is
shown in Table 5.
4. Conclusion
An electrochemical DNA biosensor for CaMV 35 S geneti-
cally modiﬁed DNA detection was successfully fabricated based
on acrylic microspheres and AuNPs composite coated onto SPE
with AQMS as a DNA hybridisation label. A signiﬁcant increase in
the DNA biosensor response upon hybridisation of immobilised
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as observed. There was no signiﬁcant DNA biosensor response
owards non-complementary or mismatched DNAs and thus the
iosensor demonstrated good selectivity towards targeted CaMV
5S genetically modiﬁed DNA. The electrochemical DNA biosensor
emonstrated good sensitivity, wide linear response range, and low
etection limit. Therefore, the DNA biosensor showed good perfor-
ance in the analysis of DNA in GM soybean samples. Moreover,
he DNA biosensor can be regenerated for further quantiﬁcation of
arget DNA.
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